Introduction
Numerous DNA and RNA viral pathogens can infect insect species, including baculoviruses (Cory and Myers, 2003; Fuxa, 2004) , entomopoxviruses (Arif and Kurstak, 1991) , ascoviruses , polydnaviruses (Kroemer and Webb, 2004) and reoviruses (Mertens et al., 2005a) . The Reoviridae is a large family containing 15 recognised genera of double-stranded RNA (dsRNA) viruses. These include several insect transmitted viruses that cause important diseases of animals or plants, which are classified within the genera Orbivirus, Seadornavirus and Coltivirus, or Fijivirus, Oryzavirus and Phytoreovirus, respectively (Mertens et al., ଝ The nucleotide sequence data reported in this paper have been submitted to Genbank and have been assigned the accession numbers DQ192235-DQ192244.
* Corresponding author. Current address: CSIRO Entomology, GPO Box 1700, Canberra, ACT 2601, Australia. Tel.: +61 2 6246 4085; fax: +61 2 6246 4000. E-mail address: rob.graham@csiro.au (R.I. Graham) . 1 Current address: Department of Entomology, Clemson University, Clemson, SC 29634-0315, USA. 2005a). However, many of the reoviruses can only infect invertebrates and are classified within the genera Cypovirus (Green et al., 2007; Mertens et al., 2005b; Shapiro et al., 2005) , Idnoreovirus (Mertens et al., 2005c) or Dinovernavirus (Attoui et al., 2005) . At least 14 other reoviruses that infect insects, crustaceans or arachnids also remain unclassified (Renault et al., 2005) , reflecting differences from the recognised genera in their morphology and genome features.
Five reoviruses have previously been isolated from species of Hymenoptera, which appear to be non-pathogenic in their wasp hosts (Renault et al., 2005) . Three of these, Microplitis croceipes reovirus-like particles (McRVLP) (Hamm et al., 1994) , Hyposoter exiguae idnoreovirus (HeIRV) (Mertens et al., 2005c; Stoltz and Makkay, 2000) , and Opius concolor reovirus-like particles (OpRVLP) (Jacas et al., 1997) , use their wasp hosts as vectors, and do not appear to be involved in lepidopteran host defence suppression (Renault et al., 2005) . All three of these viruses were found in association with other viruses which facilitate the pathogenicity of the parasitoid against the wasp's lepidopteran host. For example, Stoltz and Makkay (2000) observed HeIRV and a DNA polydnavirus, H. exiguae polydnavirus (HePDV) replicating within the same cells of the parasitoid H. exiguae. A fourth virus, Diadromus pulchellus idnoreovirus-1 (DpIRV-1), has a commensal relationship with its host D. pulchellus, and is detected in most populations of this wasp species. DpIRV-1 is always associated with D. pulchellus ascovirus-4 (DpAV-4), which is indispensable for suppressing the immune system of the parasitoid's host. Although DpRV-1 has not been shown to directly increase the parasitic success of D. pulchellus, it may retard the replication of DpAV-4 within the lepidopteran host cells. This prevents rapid cell lysis, thereby enabling normal development of the wasp larva (Renault et al., 2005) . The fifth virus, D. pulchellus idnoreovirus-2 (DpIRV-2; Renault et al., 2003) , has a mutualistic relationship with D. pulchellus. Its injection by parasitoid females during oviposition is essential for suppressing the immune system of the parasitised lepidopteran host (Renault et al., 2005) .
The winter moth, Operophtera brumata L., is a polyphagous univoltine pest. Out-break populations of O. brumata larvae have recently been observed on heather moorland on Orkney, in northern Scotland (Graham et al., 2004 (Graham et al., , 2006 Kerslake et al., 1996) . Three reoviruses were isolated from populations of winter moth on Orkney, which were identified on the basis of their dsRNA genome profile after gel electrophoresis (Graham et al., 2006) . Sequence analysis confirmed two of these viruses as belonging to the genus Cypovirus (Graham et al., 2007) . However, a third virus, that was initially identified as O. brumata reovirus (ObRV), was isolated from both O. brumata and an ichneumonid parasitoid wasp Phobocampe tempestiva, that is known to attack the winter moth.
ObRV is a non-occluded reovirus which has double-shelled virions ∼55 nm in diameter. Virus isolated from O. brumata and P. tempestiva contained a genome composed of 10 segments of doublestranded RNA, with a total size of approximately 25.3 kb (Graham et al., 2006) . We describe the complete sequence analysis of genome segments 1-10 (Seg-1 to Seg-10) of ObRV. For further characterisation and a comparison with known cypoviruses, the protein encoded by the open reading frame (ORF) of Seg-10, was expressed in insect cells using a recombinant-baculovirus vector-system.
Materials and methods

Isolation of viral dsRNA
O. brumata larvae were collected on Calluna vulgaris heather at 15 sites on the Orkney Isles (Graham et al., 2004) . P. tempestiva were collected as they emerged from parasitised O. brumata larvae. Purification of non-occluded virus particles was achieved using a method modified from Stoltz and Makkay (2000) . Approximately 1 g of pooled insect tissue was homogenised manually in 1 ml of sterile TE buffer (10 mM Tris, 0.1 mM EDTA, pH 8.0). Insect debris was removed by centrifugation at 500 × g for 10 min. The supernatant was loaded onto a two-step sucrose density gradient (50% sucrose [w/w] and 10% sucrose [w/w]) and centrifuged at 60,000 × g for 90 min (SW41 rotor, Beckman). The virus band was collected at the density interface and dialysed in TE buffer for 4 h. The sample was further pelleted at 15,000 × g for 5 min to remove cell debris. The supernatant was collected and centrifuged at 60,000 × g for 1 h. This virus pellet was resuspended in 200 l TE buffer overnight at 4 • C and stored at −20 • C. Nucleic acid was purified using the DNeasy Tissue Kit (Qiagen). dsRNA was finally eluted in 150 l of TE into sterile 1.5 ml microtubes, and stored at −20 • C.
cDNA synthesis, amplification by PCR, cloning and sequencing of segmented reovirus genome
The full-length genome of O. brumata reovirus was cloned using the FLAC method described previously (Maan et al., 2007; Shapiro et al., 2005) . Briefly, an anchor-primer 5 P-GAC CTC TGA GGA TTC TAA AC/iSp9/TCC AGT TTA GAA TCC-OH 3 , (iSp9 is a C9 spacer) was ligated to purified viral genome dsRNA using T4 RNA ligase (Promega). The reaction was incubated at 8 • C overnight, heat-denatured and added to a reverse transcription (RT) reaction (AMV reverse transcriptase, Promega; 37 • C for 50 min). A PCR was subsequently performed, with reactions (100 l) containing the following components: 1 l (5 U) enzyme (ExTaq, TaKara), 4 l dNTPs (300 mM), 10 l 10× buffer (25 mM TAPs [pH 9.3], 50 mM KCl, 2 mM MgCl 2 , 1 mM DTT), 3 mM primer (5 -GGG ATC CAG TTT AGA ATC CTC AGA GGT C-3 ), and 1 l of cDNA (an initial 20 l volume of cDNA was added to 200 l water before 1 l was used in PCR). Conditions were as follows: (i) 94 • C for 5 min, 1 cycle; (ii) 94 • C for 20 s, 62 • C for 20 s, 68 • C for 4.5 min, 26 cycles; (iii) 70 • C for 10 min, 1 cycle. The product was examined using 1% agarose gel electrophoresis, bands excised, ligated into pGEM-T Easy vector (Promega) and transfected into electrocompetent DH10B cells (Invitrogen). Selected clones were sequenced with M13 primers using a 3730 DNA Analyzer (ABI). Initial sequence data were used to design primers for subsequent direct sequencing of the viral segments. While several segments were sequenced from multiple clones, most were done using both clone and PCR DNA as the sequencing templates.
Analysis of sequence data
Sequence data was assembled and analysed using PreGap4 (Staden), Gap4 (Staden), and BioEdit (Hall, 1999) . Phylogenetic analysis was carried out using ClustalW (Thompson et al., 1994) and Mega3.1 (Kumar et al., 2001) packages. Nucleotide and deduced amino acid sequences were compared with data available in Genbank using the NCBI's online BLAST program (http://www.ncbi.nlm.nih.gov/blast) or a local BLAST program implemented in the DNATools package (version 5.2.018, S.W. Rasmussen: Valby Data Center, Denmark) using a local database constructed from all available sequences of the Reoviridae. Hydrophobicity of segment 10 was analysed as described by Kyte and Doolittle (1982) using BioEdit. Protein motifs were examined using PROSITE (Hulo et al., 2004) .
Construction of the transfer vector, and expression of ObRV S10 protein
Oligonucleotides were designed to amplify a product comprising the complete ORF of genome segment 10 for ObRV (ObRVseg10Forf, 5 CCT GGC CGA ATT GTG AGT A3 and ObRVseg10Rorf, 5 GGC TCC ATT TCG CAT ACA TC3 ). The subsequent product was purified (PCR Purification Kit, Qiagen), ligated into pGEM-T vector and used to transform E. coli (DH5␣) (Invitrogen) via heat shock. M13 forward and reverse primers were used to read across the insert to ensure the correct sequence was present. The cloned ORF was ligated into the transfer vector pBacPaK8 (Clontech), using the compatible restriction sites SacI and BglII to derive pBacPAK8.RVS10. Cloned ORF inserts were examined for the correct sequence using primers Bac1 (5 ACC ATC TCG CAA ATA AAT AAG3 ) and Bac2 (5 ACA ACG CAC AGA ATC TAG CG3 ).
Spodoptera frugiperda-21 cells (Sf-21) were inoculated with a sample containing 500 ng of pBacPAK8.RVS10 DNA, 100 ng of flashBac TM DNA (Oxford Expression Technologies) and an equal volume of lipofectin (King and Possee, 1992) . Cells were incubated at 28 • C. The virus stock was amplified in secondary cultures of the same cells and the infectivity determined by plaque assay (King and Possee, 1992) . Cell cultures (10 6 cells per 35 mm dish) were inoculated with virus (10 pfu per cell), incubated at 28 • C and photographed at intervals. At 72 h p.i., the cells were harvested and proteins were analysed by SDS-PAGE, running samples for 16 h in 12% polyacrylamide gels. Following electrophoresis, proteins were stained with Coomassie brilliant blue and photographed.
Results
Sequence determination and analysis of ObRV
The full sequences of ObRV Seg-1 to Seg-10 were determined. The complete genome is 25,194 bp long and the corresponding sequences have been deposited in the Genbank database (see Table 1 for accession numbers). Each genome segment contains a single ORF, starting with the codon 'AUG'. Analysis of the noncoding regions (NCRs) showed that all of the segments share seven conserved nucleotides at the 5 ends and five conserved nucleotides at the 3 ends, except for S6 and S8 (Table 1) .
Seg-1 of ObRV is 4170 nt in length (Table 1) , with a single large ORF between nt 33 and 4109 (stop codon TGA), coding for a predicted protein of 1358 aa (155.7 kDa), which is identified as VP1. BLASTp searches showed VP1 to be homologous to the RNA-dependant RNA polymerases (RdRp) from Lymantria dispar CPV-14 (21% identity, e-value = 1 × 10 −23 ); Fiji Disease Virus (24% identity, e-value = 9 × 10 −19 ); Mal de Rio Cuarto virus (24% identity, e-value = 1 × 10 −19 ); Bombyx mori CPV-1 (20% identity, e-value = 2 × 10 −15 ); Cryphonectria parasitica reovirus (23% identity, e-value = 2 × 10 −14 ); O. brumata CPV-19 (21% identity, e-value 2 × 10 −14 ); and Colorado tick fever Virus (27% identity, e-value = 1 × 10 −13 ); indicating that VP1 is the RdRp of ObRV. A leucine-zipper motif was found between aa 1310 and 1331, which has been suggested as a DNA-binding structure (Landschulz et al., 1988) .
Seg 2 of ObRV is 3780 nt in length (Table 1) , with an ORF between 78 and 3701 nt (stop codon TGA) coding for a predicted protein of 1207 aa (137 kDa) that is identified as VP2. The use of local BLASTp identified a cognate protein from DpIRV-1 (encoded by the 4.230 kb genome segment: accession number X82049), with 20% amino acid identity (42% aa similarity) over the full-length of the protein.
Seg-3 of ObRV is 3595 nt long, with a single ORF between nt 16 and 3501 (stop codon TAA: Table 1) , coding for VP3 which is 1161 aa long (133 kDa). Tentative homology was detected, between aa 582 and 766, with Fijivirus segment 4 (27% identity, e-value = 0.007). The use of the local BLAST program also identified aa identities to partial sequences of the proteins encoded by Seg-3 of rice dwarf virus (RDV-genus Phytoreovirus) (29% identity, 55% similarity) 55% similarity: amino acids 1-70 of RDV P3), and African horse sickness virus (AHSV-genus Orbivirus) (31% identity, 47% similarity: amino acids 149-220 of AHSV VP3). Both of these proteins form the subcore shell (T2 layer, made of 120 copies) of their respective virus particles. The protein encoded by Seg-3 of ObRV may therefore also form the sub-core layer of the virus. Further analysis predicted the existence of three leucine zipper motifs at aa 446-467, 878-899 and 885-906.
Seg-4 of ObRV is 3362 nt long, with a single large ORF between nt 15 and 3290 (Table 1 : stop codon TAG). The encoded protein (VP4) has a predicted size of 1091 aa (122.7 kDa). A local BLAST search showed 32% aa identity (46% similarity) to a partial sequence of RDV P2 (encoded by Seg-2) (aa 879-980 of RDV: compared to aa 809-900 of ObRV). The P2 of RDV is an outer coat protein that is essential for vector transmission.
Seg-5 of ObRV consists of 2106 nt (Table 1) , with a single ORF between nt 31 and 1893 (stop codon TAA) coding for a VP5 protein that is 620 aa long (69.2 kDa). No homology was found with other virus sequences. The only tentative homology detected was between aa 85 and 218, with 'copper amine oxidase' of the common garden pea Pisum sativum (29% identity, e-value = 3.5).
Seg-6 of ObRV consists of 1935 nt (Table 1) , with a single ORF between nt 63 and 1847 (stop codon TAG), coding for a VP6 protein that consist of 594 aa (68.4 kDa). Partial sequences of VP6 matched with VP6 of rice ragged stunt virus (RRSV-genus Oryzavirus) (aa 357-435 of RRSV, compared to aa 348-417 of ObRV: aa identity 26%, aa similarity 47%). Amino acid identity of 41% (e-value = 5.6) was also detected with aa 379 and 417 of the protein encoded by Seg-9 of Oat Sterile Dwarf Virus (genus Fijivirus).
Seg-7 of ObRV is 1606 nt long (Table 1) , with a single long ORF between nt 18 and 1517 (stop codon TAA), which codes for the VP7 protein, with a predicted length of 499 aa (57.1 kDa). BLASTp searches showed no homology with the proteins of any virus previously sequenced. Tentative homology was seen between aa 339 and 442 with Trypanosoma brucei hypothetical protein Tb106k154000 (32% identity, e-value = 2.1).
Seg-8 of ObRV is 1584 nt long, with a single ORF between nt 99 and 1502 (Table 1) coding for a predicted VP8 protein that is 467 aa long (51.6 kDa). Tentative homology was observed between 52 and 119 aa with the Apicomplexan Theileria parva ABC transporter protein (31% identity, e-value = 1.4).
Seg-9 of ObRV is 1547 nt long, with a single large ORF between nt 77 and 1390 (Table 1) , coding for a predicted VP9 protein that is 437 aa long (49.6 kDa). A local BLAST search identified a partial match with aa 85-150 of VP6 of Colorado tick fever virus, CTFV (29% identity, 49% similarity).
Seg-10 of ObRV is 1509 nt long, with a single large ORF between nt 22 and 1425 (stop codon TAG, Table 1 ), coding for VP10 with a predicted length of 467 aa (53.6 kDa). Tentative homology was detected between aa 298 and 395 of VP10, with the surface antigen D15 from the bacterium Ralstoni metallidurans CH34 (29% identity, e-value = 2.4). A local BLAST analysis showed a match over the whole length of the protein with an unassigned protein of DpIRV-1 (accession number X82045) with aa identity of 20% and a number of conserved motifs. The hydrophobicity of ObRV VP10 showed no direct similarity to hydrophobicity plots or secondary structures obtained for the polyhedrin proteins of different cypoviruses (Echeverry et al., 1997 ). An analysis of the predicted amino acid sequence indicated that, unlike the cypovirus polyhedrin proteins, VP10 of ObRV is not especially rich in tyrosine (4.49%), aromatic residues (phenylalanine, tryptophane), or basic amino acids (lysine and arginine). However, it was particularly rich in leucine (10.04%), which is an amino acid periodically involved in signalling motifs (Hurley, 2003) , which could be a factor in cell necrosis-inducing activities (Sawada et al., 2000) .
Phylogenetic analysis
The RdRp is the most conserved reovirus protein and can be used for phylogenetic comparisons across the family as a whole. A tree was constructed using RdRp sequences from representatives of the different genera of the family Reoviridae, including that of ObRV (Fig. 1) . Unfortunately, no RdRp sequences are available for any of the idnoreoviruses. ObRV is clearly distinct from the other reoviruses where the RdRp sequence is known.
Expression of ObRV S10 open-reading frame
VP10 of ObRV was synthesised using a baculovirus expression system. Recombinant-baculoviruses were inoculated onto Sf-21 cells, and virus infection (CPE) observed at 72 h p.i. (Fig. 2) . However, no polyhedra-like occlusion bodies (OB) were observed as a result of VP10 expression. SDS-PAGE analysis of the baculovirus-infected cell lysates showed the presence of a ∼54 kDa protein (Fig. 2) . ObCPV-19 polyhedrin was synthesised as a positive control (as previously described, Graham et al., 2007) . The presence of OB was detected at 72 h p.i. (Fig. 2) . SDS-PAGE analysis of the infected insect cell lysates confirmed the presence of the ObCPV-19 polyhedrin at ∼29.2 kDa (Fig. 2) .
Discussion
A reovirus (ObRV) was isolated from the lepidopteran O. brumata and the ichneumonid wasp P. tempestiva. ObRV was more abundant in the parasitoid host (100% of wasp adults were infected) than in its lepidopteran host (of which only 11.5% were infected, Graham et al., 2006) . Recent studies have suggested that three types of relationship may occur between certain reoviruses and parasitoid wasps; non-pathogenic, commensal viruses (occur and replicate in wasp populations, and may be found in association with other types of viruses); putative mutualistic viruses (found in association with other viruses, but which do not appear to play a major role in host/parasitoid relationships); mutualistic viruses (not associated with other viruses, and contribute significantly to parasitoid success) (Renault et al., 2005) . It is difficult to be certain of the exact nature of the relationship of ObRV with P. tempestiva without further study.
Five hymenopteran reoviruses have been previously described (Renault et al., 2005) . An interesting feature of these viruses is that four have never been found alone in their wasp host; they are always associated with another virus type. HeRV is associated with concolor (Hamm et al., 1994; Rabouille et al., 1994; Jacas et al., 1997; Stoltz and Makkay, 2000) . In its hymenopteran host, ObRV was predominantly found alone, apart from two individuals additionally infected with a cypovirus (Graham et al., 2006) . The 'independent' nature of ObRV suggests a replication strategy similar to that of the other cypoviruses or idnoreoviruses, both of which infect insect species.
The observation of ObRV in seemingly non-parasitised O. brumata indicates the ability of this virus to persist in this host without the need for the wasp (although wasp probing may have occurred without oviposition). The presence of ObRV in adult winter moth also suggests transmission of the virus through lepidopteran life stages (Graham et al., 2006) . This shows similarity with infections caused by a cypovirus from D. pulchellus (Renault et al., 2003) , which was able to infect and multiply in lepidopteran gut cells after oviposition (Renault et al., 2003) , and assisted development of wasp larvae by down-regulating the immune response of the host. Interestingly, ObRV isolated from female wasps appears to contain a genome of 11 segments (Graham et al., 2006) . Studies on the hymenopteran D. pulchellus showed that the Idnoreovirus DpIRV-1 isolated from diploid wasps (female or sterile diploid male wasps) also contained an extra genomic segment of dsRNA when compared to virus isolated from haploid wasps (fertile males; Rabouille et al., 1994) . This extra segment is thought to provide additional nucleic information, necessary for the development of eggs laid by the female parasitoid in the lepidopteran host (Rabouille et al., 1994) . Unfortunately, during the course of this study, insufficient viral dsRNA was available from female P. tempestiva to sequence the 11th segment. As more reoviruses are being isolated from insects, and specifically from parasitic wasps, it is becoming clear that some may play a close and important role in ensuring the success of the parasitoid host, and that complex relationships have developed to increase the fitness of both parasitoid and virus.
All 10 genome segments of ObRV were cloned and sequenced, showing that in each case they contain a single large ORF. Seg-1 encodes a putative RNA-dependent-RNA-polymerase. The dsRNA viruses use a viral RdRp to synthesis mRNA, functioning both as a transcriptase and replicase. The viral mRNA molecules can associate with other viral proteins to form large complexes. The viral RdRps can subsequently use these mRNAs as templates for the synthesis of complementary −ve strands, reforming the dsRNA genome of the virus. Within the family Reoviridae, RdRp aa identity of over 30% groups members within the same genus, while members of distinct genera have aa identities lower than 20% (Attoui et al., 2000; Rao et al., 2003) . However, two exceptions to this rule have been discussed: these include aquareoviruses and orthoreoviruses, which clearly have a common ancestor with an aa identity of 42%; and rotavirus B which has only 22% identity to other rotaviruses. Amino acid identity values of between 19 and 27% were observed when comparing ObRV RdRp with the RdRps of the "turreted reoviruses", while the "non-turreted reoviruses" gave only 11 to 13% aa identities. These data indicate that ObRV does not belong to any of the existing genera of the Reoviridae family for which RdRp sequences are available. A comparison of the ObRV Seg-10 sequence with those in Genbank, generated no matches with other insect viruses.
Although ObRV Seg-10 is 1509 bp in length, some species of cypovirus also have a large Seg-10 > 1 kb. For example, Seg-10 of Choristoneura fumiferana CPV-16 and Antheraea mylitta CPV-4 are ∼1.5 and ∼1.2 kb, respectively, although they only encode proteins of ∼260 aa in length (Echeverry et al., 1997; Sinha-Datta et al., 2005) , corresponding to the expected size of their respective polyhedrin proteins. Expression of the ORF confirmed that ObRV Seg-10 encodes a protein with a molecular mass of ∼54 kDa, which did not form occlusion bodies in infected Sf-21 cells. Further analysis on the function of this protein remains to be done. The double-layered capsid, the non-occluded nature of ObRV (Graham et al., 2006) , phylogenetic analyses of the RdRp, and the expression analysis of VP10 all indicate that that ObRV was not a member of the genus Cypovirus.However, similarities were detected between VP2 from ObRV and VP2 protein from an Idnoreovirus (DpIRV-1), over the whole length of the molecule. VP10 of ObRV also showed similarities to VP10 (encoded by Seg-10) of DpIRV-1 protein again over the whole length of the molecule. Although the lack of sequence information from this genus (particularly the RdRp), makes it difficult to make further comparisons, the data presented here, together with the detection of an eleventh genome segment in female wasps (Graham et al., 2006) , suggest that ObRV represents a new member (a new species) within the genus Idnoreovirus, which contains other non-occluded insect reoviruses. In this case the isolate would belong to the species 'Idnoreovirus-6' and should be identified as 'Operophtera brumata idnoreovirus-6' (ObIRV-6). by a NERC non-thematic grant (NE/D008077/1) awarded to RDP, SMS and RSH.
